Groundwater accounts for half of Indian urban water use. However, little is known about its sustainability, because of inadequate monitoring and evaluation. We deployed a dense monitoring network in 154 locations in Bengaluru, India between 2015 and 2017. Groundwater levels collected at these locations were analyzed to understand the behavior of the city's groundwater system. At a local scale, groundwater behavior is non-classical, with valleys showing deeper groundwater than ridge-tops. We hypothesize that this is due to relatively less pumping compared to artificial recharge from leaking pipes and wastewater in the higher, city core areas, than in the rapidly growing, lower peripheral areas, where the converse is true. In the drought year of 2016, groundwater depletion was estimated at 27 mm, or 19 Mm 3 over the study area. The data show that rainfall has the potential to replenish the aquifer. High rainfall during August-September 2017 led to a mean recharge of 67 mm, or 47 Mm 3 for the study area. A rainfall recharge factor of 13.5% was estimated from the data for 2016. Sustainable groundwater management in Bengaluru must account for substantial spatial socio-hydrological heterogeneity. Continuous monitoring at high spatial density will be needed to inform evidence-based policy.
Introduction
Groundwater is an important, decentralized source of drinking water for millions of people in India. It meets nearly 85% of rural domestic water needs and 50% of urban water needs [1] . Dependence on groundwater for water-supply in urban towns and cities is increasing due to accelerated growth, increasing per capita water use and poor reliability of imported surface water from distant sources [2, 3] . In a review of urban recharge, Lerner [4] describes how urbanization affects the groundwater cycle by way of changes to both the total water budget, and to pathways recharge. The total imported water supply of many temperate European cities is comparable to the annual rainfall endowment, while, in many dense cities in arid areas, water supply imports are greater than annual rainfall. Leakage through water supply pipes then becomes a major source of recharge. In cities with inadequate sewerage systems, leakage through septic tanks and soakpits, and untreated wastewater released into drainage channels, are also major components of recharge quality. While these anthropogenic flows increase groundwater recharge, natural recharge rainfall can decrease in dense built-up areas of towns and cities, where a significant proportion of land surface is altered through soil compaction, roofing and paving, all of which reduce normal infiltration. The net effect on the groundwater budget also during drought year 2016 and during extreme rainfall periods; and (iii) estimating the rainfall recharge factor net groundwater flux. Our intention in this paper is to describe the patterns observed and to estimate the net groundwater storage change and aggregate flows, based on the water table method. In the Conclusions Section, we describe a more elaborate modeling framework that will be used in a forthcoming paper to estimate separate components of the groundwater budget.
Materials and Methods

Study Area
Bengaluru city is situated within 12 • 45 N-13 • 10 N and 77 • 25 E-77 • 45 E, and covers an area of 720 km 2 ( Figure 1 ). The city core is at 900 to 930 m amsl (above mean sea level), on a divide with a roughly North-South axis, with the Arkavathi River drainage Westward to the River Cauvery, and the South Pennar drainage to the East (Figure 2 ) [24] . The climate is semiarid with normal rainfall of 820 mm, September being the peak rainfall month. Close to 60% of the rainfall on average occurs during the southwest monsoon from June to September [27] . The retreating, northeast monsoon also brings rain from October to December. The dry period extends from January to May, although convectional thunderstorms occur from March through May. Typically, January and February receive almost no rain.
Sustainability 2018, 10, 26 3 of 22 and using the data to study the spatial patterns in groundwater levels; (ii) estimating net groundwater storage changes during drought year 2016 and during extreme rainfall periods; and (iii) estimating the rainfall recharge factor net groundwater flux. Our intention in this paper is to describe the patterns observed and to estimate the net groundwater storage change and aggregate flows, based on the water table method. In the Conclusions Section, we describe a more elaborate modeling framework that will be used in a forthcoming paper to estimate separate components of the groundwater budget.
Materials and Methods
Study Area
Bengaluru city is situated within 12°45′N-13°10′N and 77°25′E-77°45′E, and covers an area of 720 km 2 ( Figure 1 ). The city core is at 900 to 930 m amsl (above mean sea level), on a divide with a roughly North-South axis, with the Arkavathi River drainage Westward to the River Cauvery, and the South Pennar drainage to the East (Figure 2 ) [24] . The climate is semiarid with normal rainfall of 820 mm, September being the peak rainfall month. Close to 60% of the rainfall on average occurs during the southwest monsoon from June to September [27] . The retreating, northeast monsoon also brings rain from October to December. The dry period extends from January to May, although convectional thunderstorms occur from March through May. Typically, January and February receive almost no rain. Except for a few central areas in the old city core, the population growth between 2001 and 2011 has been positive with some outer areas reaching a growth of more than 300% [26] . The water needs of the city are mainly met by surface water supply from Cauvery River, and from groundwater. Surface water imported from the Cauvery River, currently at close to 1400 million liters per day (MLD), is approximately 75% of the average rainfall over the city, signaling the substantial anthropogenic influence on the urban water budget [26] . Non-revenue water, made up largely of leakage losses, was almost 50% in 2011 [24] . Although surface water supply has increased over time, it has been unable to catch up with the rapid growth and expansion of the city [26] . As a result, groundwater provides a large proportion of the current water consumption, and is likely to continue to do so in several wards of the municipality, which is called called Bruhath Bengaluru Mahanagara Palike (BBMP) (see Figure 3 ). There is no effective regulation of the use of groundwater in these wards for domestic, commercial, industrial or government agency purposes. Free and unrestricted use is made of this resource by households, businesses, institutions and government agencies, including the Bengaluru Water Supply and Sewerage board (BWSSB). Consequently, there is practically no reliable data on the rate and distribution of groundwater withdrawals. Monitoring of the aquifers from which groundwater is withdrawn is conducted by the Department of Mines and Geology (DMG) and the Central Ground Water Board (CGWB). Both these organizations conduct regional exploration and investigation programs. Although many wells are used for pumping groundwater in the city, the density of the existing monitoring networks is very low [27] . Furthermore, the temporal frequency of monitoring by CGWB is once every few months. Hence, even though this dataset might reveal some larger, regional scale groundwater behavior over many years, it is not useful for assessing the state of the urban groundwater system; Except for a few central areas in the old city core, the population growth between 2001 and 2011 has been positive with some outer areas reaching a growth of more than 300% [26] . The water needs of the city are mainly met by surface water supply from Cauvery River, and from groundwater. Surface water imported from the Cauvery River, currently at close to 1400 million liters per day (MLD), is approximately 75% of the average rainfall over the city, signaling the substantial anthropogenic influence on the urban water budget [26] . Non-revenue water, made up largely of leakage losses, was almost 50% in 2011 [24] . Although surface water supply has increased over time, it has been unable to catch up with the rapid growth and expansion of the city [26] . As a result, groundwater provides a large proportion of the current water consumption, and is likely to continue to do so in several wards of the municipality, which is called called Bruhath Bengaluru Mahanagara Palike (BBMP) (see Figure 3 ). There is no effective regulation of the use of groundwater in these wards for domestic, commercial, industrial or government agency purposes. Free and unrestricted use is made of this resource by households, businesses, institutions and government agencies, including the Bengaluru Water Supply and Sewerage board (BWSSB). Consequently, there is practically no reliable data on the rate and distribution of groundwater withdrawals. Monitoring of the aquifers from which groundwater is withdrawn is conducted by the Department of Mines and Geology (DMG) and the Central Ground Water Board (CGWB). Both these organizations conduct regional exploration and investigation programs. Although many wells are used for pumping groundwater in the city, the density of the existing monitoring networks is very low [27] . Furthermore, the temporal frequency of monitoring by CGWB is once every few months. Hence, even though this dataset might reveal some larger, regional scale groundwater behavior over many years, it is not useful for assessing the state of the urban groundwater system; its resilience to important stressors such as anthropogenic forcings and drought conditions; and its response to extreme rain events. its resilience to important stressors such as anthropogenic forcings and drought conditions; and its response to extreme rain events.
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Groundwater Monitoring
The first step was to create a comprehensive database for the city. Groundwater table mapping was carried out between December 2015 and September 2017. Groundwater levels (GWL) were measured using a monitoring network of 158 wells in an area of 700 km 2 . Out of these 158 wells, 154 wells had an unbroken record through the study period and were selected for the analysis reported here. The monitoring network was established using a novel approach in which the existing wells (predominantly municipal bore wells) were used as piezometers where groundwater levels were measured. To achieve a uniform spatial distribution, the study area was divided into grids of 5 km × 5 km, resulting in 28 grids for the city. Monitoring wells should be free from pumping to be used as piezometers. Those municipal wells that were not in use were carefully selected in each grid. In each grid, 5-6 monitoring wells were established. Groundwater levels were measured each month using a manual water level sensor (Heron Instruments Inc.). Figure 4 shows the location of the 154 groundwater monitoring locations, along with land-cover. The inner part of the city has relatively higher built-up area. Several secondary datasets, assembled at the grid scale, are presented in Table 1 .
Maps were interpolated from the depth to GWL measurements using ordinary kriging. Kriging has been found to perform better than inverse distance weighting [28, 29] , and has been used in other studies in hard-rock aquifers in southern India [15, 21, 22, 30] . Kriging was performed using the geoR library of R (https://cran.r-project.org/package=geoR). Variograms for each month were fitted using numerical optimization. Exponential variograms were found to fit the data well, and used to create interpolated maps of depth to groundwater (DGW) at a spatial grid of 100 m. 
The first step was to create a comprehensive database for the city. Groundwater table mapping was carried out between December 2015 and September 2017. Groundwater levels (GWL) were measured using a monitoring network of 158 wells in an area of 700 km 2 . Out of these 158 wells, 154 wells had an unbroken record through the study period and were selected for the analysis reported here. The monitoring network was established using a novel approach in which the existing wells (predominantly municipal bore wells) were used as piezometers where groundwater levels were measured. To achieve a uniform spatial distribution, the study area was divided into grids of 5 km × 5 km, resulting in 28 grids for the city. Monitoring wells should be free from pumping to be used as piezometers. Those municipal wells that were not in use were carefully selected in each grid. In each grid, 5-6 monitoring wells were established. Groundwater levels were measured each month using a manual water level sensor (Heron Instruments Inc.). Figure 4 shows the location of the 154 groundwater monitoring locations, along with land-cover. The inner part of the city has relatively higher built-up area. Several secondary datasets, assembled at the grid scale, are presented in Table  1 .
Rainfall Data
Annual rainfall for more than 100 years (1901-2012) is shown in Figure 5 . During this period, the maximum, minimum and average annual rainfall were 1527, 393 and 880 mm, respectively. Daily rainfall data covering the study period were collected from about 150 stations maintained by the Karnataka State Natural Disaster Monitoring Cell (KSNDMC) for the period January 2015-October 2017. The spatial distribution of these KSNDMC rainfall gauges is shown in Figure 1 . A plot of monthly rainfall averaged over these stations is shown in Figure 6 . Total rainfall (January-December) for the years 2015, 2016 and 2017 (up to October 2017) was 1153, 716 and 1435 mm. The intra-year rainfall distribution during these three years has strong variability, and each year was quite different. In all three years, the southwest monsoon rainfall was much lower than normal. However, during 2015 and 2017, there were extreme rainfall events, while 2016 was a drought year. In 2015, the months of September-November produced about 50% of the annual rainfall. In 2016, the months of May-July produced about 70% of the annual rainfall. In 2017, the months of August-October produced about 75% of the annual rainfall. The 2017 rainfall was close to the highest received rainfall in more than 100 years. These patterns of drought conditions and extreme rain events over the study period provided a natural opportunity to study the response and resilience of Bengaluru's groundwater system. 
Cluster Analysis
In order to aid the interpretation of observed groundwater patterns, a clustering analysis was performed using the secondary data in Table 1 . Hierarchical cluster analysis was applied to explore the number of distinct clusters emerging from the secondary data. Ward's linkage algorithm is used for hierarchical clustering by minimizing the increase in total within-cluster sum of squared error [32] . The optimal number of clusters were identified by visual inspection of the resulting dendrogram. 
In order to aid the interpretation of observed groundwater patterns, a clustering analysis was performed using the secondary data in Table 1 . Hierarchical cluster analysis was applied to explore the number of distinct clusters emerging from the secondary data. Ward's linkage algorithm is used for hierarchical clustering by minimizing the increase in total within-cluster sum of squared error [32] . The optimal number of clusters were identified by visual inspection of the resulting dendrogram.
Groundwater Analysis
The Water Table Fluctuation (WTF) method was used to estimate the storage change, natural recharge and net outflow for distinct periods of observation. The advantage of the WTF method, described comprehensively in Healy and Cook [33] , is that it is a simple method that relies on dense groundwater level measurements, has only one parameter (the specific yield), and no assumptions are made on the mechanisms by which water recharges the aquifer. The WTF method is used in India for operational annual groundwater recharge assessment by government agencies [34] . Nationally, it is performed by delineating the land area into watersheds or catchments with an area of about 600-1000 km 2 . This scale is tied to the density of long term observation network which is approximately one observation well per 100 km 2 . Recharge assessment for a year is performed for each of these catchments, treating them as one unit or cell. Several researchers have used variations of the WTF method in southern Indian hard-rock aquifers [15, 21, 22, 35] . We use WTF in two ways in this paper, described below.
Natural Recharge and Net Outflow
First, we use the "double water table fluctuation method" [15] , which involves splitting the groundwater budget into two distinct periods-dry and wet. These authors used the double WTF method in combination with water balance models and detailed information on several water balance components in a 50 km 2 , unconfined hard rock aquifer research site in southern India, to estimate both recharge and the effective specific yield [15] .
In this paper, we apply the double WTF method to estimate rainfall recharge and total net outflow in the same manner as Sekhar et al. [21] did for the town of Mulbagal (mentioned in the Introduction). Because many components of the budget are not known quantitatively for Bengaluru (pumping, and water and wastewater leakage), we use the double WTF to estimate only the rainfall recharge factor (from the wet period), and the net outflow (from the dry period). For the same reason, we cannot independently estimate specific yield as Maréchal et al. [15] did. Instead, we specify specific yield based on the literature and recent experience, and also show the sensitivity of some of our results to this parameter.
The double WTF method is expressed as follows:
where S y is the specific yield (-), h is the groundwater level (L), t is time (T), R is recharge due to rainfall (LT −1 ), and Q net is the net outflow,
where Q out is the total outflow including baseflow, lateral flow and draft. Q in is the recharge to groundwater from anthropogenic flows, i.e., leaking water suppy and wastewater systems (LT −1 ). Given the value of S y and measurements of ∆h, Equation (1) has two unknowns. The equation was written for dry (no or insignificant rainfall) and wet (significant rainfall) periods separately, with the assumption that there was no rainfall recharge during the dry period. After solving both equations, net outflow and rainfall recharge can be computed as,
and
Equation (3) is solved first to estimate the Q net by applying it over the dry period where ∆t dry is the length of dry period (T). Then, Equation (4) is solved over the wet period where ∆t wet is the length of wet period, to estimate R.
Changes in Groundwater Storage
For the net change in groundwater storage in 2016, and from the extreme rainfall months in 2017, the simple form of the WTF is used.
where ∆V is the net storage change (L) and ∆h is the change in groundwater level (L) over a specified period (∆t) (T).
Results and Discussion
Clustering Results
Five variables, as presented in Table 1 , were used for the cluster analysis. To account for the location, the distance of each grid from the central grid (#12) was also used in the cluster analysis. Details of the clusters formed are presented in Figure 7 and Table 2 . Figure 7a shows the dendrogram obtained from the six variables, which could organize the city into four clusters quite sensibly. The spatial distribution of these four clusters is shown in Figure 7b . Cluster 1 is characterized by the outer periphery, which has significant open space, less water supply from BWSSB and significant groundwater usage. Detailed water supply analysis in [26, 36] illustrate that the fast-growing outer areas receive much less water supply than the core areas. Cluster 2 is the inner periphery characterized by moderate groundwater usage, moderate supply of water from BWSSB and moderate open space. Cluster 3 contains grids lying in the central, older parts of the city, which has better water supply from the BWSSB and is densely built-up. Cluster 4 is similar to Cluster 3, except that it has high population density and hence water demand is high and not met by the water supply from BWSSB. 
Changes in Groundwater Storage
Results and Discussion
Clustering Results
Groundwater Levels and Dynamics
All groundwater level data collected in various monitoring wells during the period of the study are publicly available (see Supplementary Materials). 
All groundwater level data collected in various monitoring wells during the period of the study are publicly available (see Supplementary Materials). Figure 9 shows the box and whisker plot for 154 wells grouped into the four clusters. Groundwater levels showed substantial spatial and temporal variability in all clusters. A relatively lower variability was observed in Cluster 4 due to less number of grid and data points in this cluster. Mean depths to groundwater table of 29.27 m, 26.22 m, 17.30 m and 23.14 m were observed in Clusters 1-4, respectively. All clusters showed similar temporal variation, as described above. Cluster 3 shows the shallowest groundwater level, which lies in the inner part of the city. This could be due to relatively higher leakage from the sewerage and water supply lines. Cluster 4 showed relatively deeper groundwater level compared to Cluster 3, due to higher water demand (higher population). Cluster 1 showed the deepest groundwater level due to less water supply from BWSSB and high groundwater draft. Figure 9 shows the box and whisker plot for 154 wells grouped into the four clusters. Groundwater levels showed substantial spatial and temporal variability in all clusters. A relatively lower variability was observed in Cluster 4 due to less number of grid and data points in this cluster. Mean depths to groundwater table of 29.27 m, 26.22 m, 17.30 m and 23.14 m were observed in Clusters 1-4, respectively. All clusters showed similar temporal variation, as described above. Cluster 3 shows the shallowest groundwater level, which lies in the inner part of the city. This could be due to relatively higher leakage from the sewerage and water supply lines. Cluster 4 showed relatively deeper groundwater level compared to Cluster 3, due to higher water demand (higher population). Cluster 1 showed the deepest groundwater level due to less water supply from BWSSB and high groundwater draft. Figure 9 shows the box and whisker plot for 154 wells grouped into the four clusters. Groundwater levels showed substantial spatial and temporal variability in all clusters. A relatively lower variability was observed in Cluster 4 due to less number of grid and data points in this cluster. Mean depths to groundwater table of 29.27 m, 26.22 m, 17.30 m and 23.14 m were observed in Clusters 1-4, respectively. All clusters showed similar temporal variation, as described above. Cluster 3 shows the shallowest groundwater level, which lies in the inner part of the city. This could be due to relatively higher leakage from the sewerage and water supply lines. Cluster 4 showed relatively deeper groundwater level compared to Cluster 3, due to higher water demand (higher population). Cluster 1 showed the deepest groundwater level due to less water supply from BWSSB and high groundwater draft. Figure 10 shows the variograms for two months of 2016. The nugget quantifies the small scale variability present in the data at lag below the average minimum distance among observations. The presence of nugget indicates that a higher small scale spatial variability is present in groundwater level compared to the monitoring network. Studies performed in similar lithology, climate context and scale showed the presence of nugget in an urban catchment (in Mulbagal) [21] and an absence of nugget in agricultural catchments [37] . As suggested by Sekhar et al. [21] , the possible reason for the higher small scale variability could be the influence of anthropogenic effects in urban catchments. These variograms suggest that a denser monitoring could be tested in the future, to investigate if, at least in some areas of the city where the nugget is particularly high, an even denser monitoring network is needed. The sill in the variogram indicates the variance in the data. These variograms shows a higher sill when deeper groundwater levels are observed (see Figure 10a ) and lower sill when shallowest groundwater levels are observed (see Figure  10b) .
Maps of the groundwater table for a few months are presented in Figure 11 . The color legend shown for groundwater level is same across the maps to facilitate comparison. Significant spatial variability in the water levels drawdown and rises are observed in different dry and wet months. Typically, groundwater levels are deeper in April (see DGW for April 2016 in Figure 11 ) following recession from the previous October (i.e., post-monsoon period). However, in 2017, the deepest groundwater levels in any part of the city were recorded as late as July 2017, because 2016 was a drought year and the monsoon, which typically begins in June, was delayed in 2017. Figure 10 shows the variograms for two months of 2016. The nugget quantifies the small scale variability present in the data at lag below the average minimum distance among observations. The presence of nugget indicates that a higher small scale spatial variability is present in groundwater level compared to the monitoring network. Studies performed in similar lithology, climate context and scale showed the presence of nugget in an urban catchment (in Mulbagal) [21] and an absence of nugget in agricultural catchments [37] . As suggested by Sekhar et al. [21] , the possible reason for the higher small scale variability could be the influence of anthropogenic effects in urban catchments. These variograms suggest that a denser monitoring could be tested in the future, to investigate if, at least in some areas of the city where the nugget is particularly high, an even denser monitoring network is needed. The sill in the variogram indicates the variance in the data. These variograms shows a higher sill when deeper groundwater levels are observed (see Figure 10a ) and lower sill when shallowest groundwater levels are observed (see Figure 10b) .
Maps of the groundwater table for a few months are presented in Figure 11 . The color legend shown for groundwater level is same across the maps to facilitate comparison. Significant spatial variability in the water levels drawdown and rises are observed in different dry and wet months. Typically, groundwater levels are deeper in April (see DGW for April 2016 in Figure 11 ) following recession from the previous October (i.e., post-monsoon period). However, in 2017, the deepest groundwater levels in any part of the city were recorded as late as July 2017, because 2016 was a drought year and the monsoon, which typically begins in June, was delayed in 2017. Most of the grids of Cluster 1 showed relatively deeper groundwater levels, while most of the grids of Cluster 3 showed a relatively shallow groundwater level. The shallow levels in these grids are unaffected even by drought year of 2016 (see April 2016 and July 2016 maps in Figure 11 ). Shallow groundwater levels in these older, core areas of the city were also observed in a 2009 sampling of 472 wells in central Bengaluru [22] . The secondary data-informed clustering supports the narrative that the shallow groundwater levels in the inner part of the city (Cluster 3) are due to Most of the grids of Cluster 1 showed relatively deeper groundwater levels, while most of the grids of Cluster 3 showed a relatively shallow groundwater level. The shallow levels in these grids are unaffected even by drought year of 2016 (see April 2016 and July 2016 maps in Figure 11 ). Shallow groundwater levels in these older, core areas of the city were also observed in a 2009 sampling of 472 wells in central Bengaluru [22] . The secondary data-informed clustering supports the narrative that the shallow groundwater levels in the inner part of the city (Cluster 3) are due to lower groundwater use combined with greater recharge leakage from water and waste water systems in the city. On the contrary, the reason for deeper groundwater levels in the outer areas of the city is due to higher groundwater extraction in the absence of water supply from the water utility agency, the BWSSB. The topography of the city is such that the city center sits at higher elevation, while the newly growing peripheries are at lower elevation. Figure 11 therefore suggests that the lower-lying peripheries have deeper groundwater table than the higher-lying, older city core. This suggests that at a local scale the groundwater behavior is non-classical, i.e., the groundwater is relatively deeper in the valleys than the higher topographic relief. This non-classical behavior of groundwater levels in the valleys points to a deepening of the hydraulic gradient, which could result in greater lateral flows from the city center to periphery areas. lower groundwater use combined with greater recharge leakage from water and waste water systems in the city. On the contrary, the reason for deeper groundwater levels in the outer areas of the city is due to higher groundwater extraction in the absence of water supply from the water utility agency, the BWSSB. The topography of the city is such that the city center sits at higher elevation, while the newly growing peripheries are at lower elevation. Figure 11 therefore suggests that the lower-lying peripheries have deeper groundwater table than the higher-lying, older city core. This suggests that at a local scale the groundwater behavior is non-classical, i.e., the groundwater is relatively deeper in the valleys than the higher topographic relief. This non-classical behavior of groundwater levels in the valleys points to a deepening of the hydraulic gradient, which could result in greater lateral flows from the city center to periphery areas. 
Rainfall Recharge and Net Outflow
Groundwater balance was estimated using Equations (3) and (4) over 154 monitoring wells. There was insignificant rainfall during January-February (see Figure 6 ) and it was assumed as dry period. The remaining 10 months (March-December) of 2016 were taken as the wet period. A sensitivity analysis of specific yield to rainfall recharge was performed by varying specific yield from 0.001 to 0.1. The range of specific yield was taken based on the experiments in similar hard rocks (e.g., [21, 30] ). The natural rainfall recharge factor (annual recharge/annual rainfall) was computed using Equations (3) and (4) for each value of specific yield and is plotted in Figure 12 along with the spatial variability over 154 monitoring wells. The spatial variability in the rainfall recharge factor (RF) increases with the increase in Sy, as expected (refer Equations (4) and (5)). At a Sy of 0.005, the RF is 13.5%, which is close to the range observed in the literature in hard rock, e.g., 15.6% by Maréchal et al. [30] , 13-19% by Maréchal et al. [15] and 8.6% by Sekhar et al. [21] . The RF value used by the CGWB for hard rock aquifers is 12% [15] . The RF values used and estimated by these researchers provide a reasonable constraint to the very wide range illustrated in Figure 12. A value of 0.005 was taken as a reasonable assumption of effective specific yield for further analysis.
Groundwater balance was estimated using Equations (3) and (4) over 154 monitoring wells. There was insignificant rainfall during January-February (see Figure 6 ) and it was assumed as dry period. The remaining 10 months (March-December) of 2016 were taken as the wet period. A sensitivity analysis of specific yield to rainfall recharge was performed by varying specific yield from 0.001 to 0.1. The range of specific yield was taken based on the experiments in similar hard rocks (e.g., [21, 30] ). The natural rainfall recharge factor (annual recharge/annual rainfall) was computed using Equations (3) and (4) for each value of specific yield and is plotted in Figure 12 along with the spatial variability over 154 monitoring wells. The spatial variability in the rainfall recharge factor (RF) increases with the increase in Sy, as expected (refer Equations (4) and (5)). At a Sy of 0.005, the RF is 13.5%, which is close to the range observed in the literature in hard rock, e.g., 15 .6% by Maréchal et al. [30] , 13-19% by Maréchal et al. [15] and 8.6% by Sekhar et al. [21] . The RF value used by the CGWB for hard rock aquifers is 12% [15] . The RF values used and estimated by these researchers provide a reasonable constraint to the very wide range illustrated in Figure 12. A value of 0.005 was taken as a reasonable assumption of effective specific yield for further analysis. Using Equation (3), Qnet was estimated to be 123.8 mm with a standard deviation of 82.6 mm and, using Equation (4), R was estimated to be 96.9 mm with a standard deviation of 67.4 mm. The standard deviation was computed over 154 monitoring wells. Table 3 shows the mean and standard deviation of computed Qnet and R over 154 wells for different clusters. Clusters 1 and 2 shows the highest mean values of Qnet and R, and a similar mean value of net storage change. These are periphery areas, with relatively higher open space conducive to more infiltration and rainfall recharge. Cluster 3, covering the core central areas, shows the lowest mean values of Qnet and R. These areas are densely built-up, explaining the low R. One hypothesis for the contrasting behavior of Qnet in central versus periphery areas, as articulated in [25, 36] and also suggested by the clustering, is the differential forcings of anthropogenic recharge from leaking water and wastewater versus pumping. In periphery Clusters 1 and 2, Qnet is likely high because of more groundwater use compared to the central Cluster 3, which is better connected to surface water supply. Using Equation (3), Q net was estimated to be 123.8 mm with a standard deviation of 82.6 mm and, using Equation (4), R was estimated to be 96.9 mm with a standard deviation of 67.4 mm. The standard deviation was computed over 154 monitoring wells. Table 3 shows the mean and standard deviation of computed Q net and R over 154 wells for different clusters. Clusters 1 and 2 shows the highest mean values of Q net and R, and a similar mean value of net storage change. These are periphery areas, with relatively higher open space conducive to more infiltration and rainfall recharge. Cluster 3, covering the core central areas, shows the lowest mean values of Q net and R. These areas are densely built-up, explaining the low R. One hypothesis for the contrasting behavior of Q net in central versus periphery areas, as articulated in [25, 36] and also suggested by the clustering, is the differential forcings of anthropogenic recharge from leaking water and wastewater versus pumping. In periphery Clusters 1 and 2, Q net is likely high because of more groundwater use compared to the central Cluster 3, which is better connected to surface water supply.
The difference between the net outflow and recharge listed in Table 3 gives the net change in groundwater storage. As can be seen, in 2016, using the 154 well observations, the net change in groundwater storage is negative in all clusters, i.e., groundwater depletion occurred, as is also apparent in the boxplots presented in Figures 8 and 9 . The net storage change is most negative in Cluster 4, indicating more groundwater usage and outflow compared to the recharge, as this cluster has lowest open space and highest water demand (highest population density). Cluster 4 shows the lowest spatial variability due to fewer grids falling in this cluster.
Annual groundwater storage change was computed using the 154 well data and interpolated GWD maps for January 2016 and January 2017 in Equation (5) . The change in the groundwater level over this period is shown in Figure 13 . Since 2016 was a drought year for Bengaluru city, a significant depletion in the groundwater was observed in entire area except some parts of central Bengaluru (close to grid 12) where a rise of up to 2 m was observed. This area is also highlighted in Mehta et al. [26] who used data from a relatively long-term CGWB monitoring in this area to show the steady rise in GWL over time, and attributed it to the dominance of anthropogenic recharge over pumping. In all other areas, the figure indicates that, due to poor rainfall in 2016, the groundwater level declined by about approximately 12 m in some of the grids, mostly in the outer parts of the city. Estimated mean water storage depleted in the 700 km 2 area of the city for 2016 was about 26.9 mm (18.8 million cubic meters) based on the data of 154 wells and 26.2 mm (18.3 million cubic meters) based on the interpolated data. The standard deviation over space was found to be about 18 mm based on the data of 154 wells and 11 mm based on the interpolated data. The lower estimate of standard deviation from kriged data could be due to the presence of nugget in the variogram, which smoothens the data. The difference between the net outflow and recharge listed in Table 3 gives the net change in groundwater storage. As can be seen, in 2016, using the 154 well observations, the net change in groundwater storage is negative in all clusters, i.e., groundwater depletion occurred, as is also apparent in the boxplots presented in Figures 8 and 9 . The net storage change is most negative in Cluster 4, indicating more groundwater usage and outflow compared to the recharge, as this cluster has lowest open space and highest water demand (highest population density). Cluster 4 shows the lowest spatial variability due to fewer grids falling in this cluster.
Annual groundwater storage change was computed using the 154 well data and interpolated GWD maps for January 2016 and January 2017 in Equation (5) . The change in the groundwater level over this period is shown in Figure 13 . Since 2016 was a drought year for Bengaluru city, a significant depletion in the groundwater was observed in entire area except some parts of central Bengaluru (close to grid 12) where a rise of up to 2 m was observed. This area is also highlighted in Mehta et al. [26] who used data from a relatively long-term CGWB monitoring in this area to show the steady rise in GWL over time, and attributed it to the dominance of anthropogenic recharge over pumping. In all other areas, the figure indicates that, due to poor rainfall in 2016, the groundwater level declined by about approximately 12 m in some of the grids, mostly in the outer parts of the city. Estimated mean water storage depleted in the 700 km 2 area of the city for 2016 was about 26.9 mm (18.8 million cubic meters) based on the data of 154 wells and 26.2 mm (18.3 million cubic meters) based on the interpolated data. The standard deviation over space was found to be about 18 mm based on the data of 154 wells and 11 mm based on the interpolated data. The lower estimate of standard deviation from kriged data could be due to the presence of nugget in the variogram, which smoothens the data. 
Extreme Rainfall Response
A total of 740.7 mm rainfall was received during August-September, 2017. The recharge from these extreme rainfall events over these two months was estimated using Equation (5) . Figure 14 shows the differenced groundwater level map between July 2017 and September 2017. Interestingly, the highest rise is observed in outer grids (Cluster 1) and lowest rise is observed in inner grids (Cluster 3). These outer clusters are in low-lying areas, whereas the central areas are at higher elevation and more densely built-up. A higher fraction of extreme rainfall likely runs off towards the outer areas, where relatively more recharge from the extreme rainfall occurs. 
A total of 740.7 mm rainfall was received during August-September, 2017. The recharge from these extreme rainfall events over these two months was estimated using Equation (5) . Figure 14 shows the differenced groundwater level map between July 2017 and September 2017. Interestingly, the highest rise is observed in outer grids (Cluster 1) and lowest rise is observed in inner grids (Cluster 3). These outer clusters are in low-lying areas, whereas the central areas are at higher elevation and more densely built-up. A higher fraction of extreme rainfall likely runs off towards the outer areas, where relatively more recharge from the extreme rainfall occurs. The boxplots (Figure 8) show that GWLs were falling in 2017 through June and July, when monsoon rains were less than normal. Interestingly, the data also show that the extremely high rainfall that immediately followed, during August-September 2017 (see Figure 6 ), resulted in a quick recharge of groundwater levels in all the stations spread over the city. Average rise in GWL in September 2017 from that of July 2017 was 13.3 m across 154 monitoring wells, while the lowest The boxplots (Figure 8) show that GWLs were falling in 2017 through June and July, when monsoon rains were less than normal. Interestingly, the data also show that the extremely high rainfall that immediately followed, during August-September 2017 (see Figure 6 ), resulted in a quick recharge of groundwater levels in all the stations spread over the city. Average rise in GWL in September 2017 from that of July 2017 was 13.3 m across 154 monitoring wells, while the lowest recorded was 2.6 m (in grid 19) and highest recorded was 24.2 m (in grid 28). The mean rise of 13.3 m due to the rainfall during August-September 2017 had a relatively low standard deviation (over space) of about 4.0 m. During this period, a mean recharge of 66.5 mm for the entire city and a peak recharge of 121 mm (in Grid 28) in some areas were observed. The mean recharge estimate based on the kriged map data also showed nearly the same mean estimate (65.4 mm). However, there was significant difference in the standard deviation over space, 20 mm over 154 wells versus 8.29 mm from interpolated data, owing to the presence of nugget in the data. These two months resulted in a net recharge (increase in net groundwater storage) of about 46.6 million m 3 (or 46.6 billion liters) in the 700 km 2 of the city.
The recharge generated by these extreme events (rainfall of August-September 2017) is similar to the annual recharge in some agricultural areas in semiarid tropical conditions [15, 30] . This suggests that groundwater recharge from extreme rainfall is quite significant in Bengaluru, despite being predominantly built-up. In the literature, significant recharge events from extreme precipitation have been reported [38] [39] [40] in agricultural regions. In urban areas, however, the conventional narrative is that groundwater recharge is impeded by the dominance of built-up, impervious areas (e.g., [27] ). Our observations suggest that, also in urban regions, extreme events can play a major role in groundwater recharge. We hypothesize that these recharge conditions are significantly different from those in agricultural areas, where the recharge is often as a non-point source recharge, i.e., recharge distributed across large areas, such as fields. In urban areas, such non-point source recharge is not feasible due to altered land surfaces in the form of paved surfaces and buildings. However, increased runoff from these altered land use conditions caused localized flooding conditions, during extreme rainfall events. Compounded by the poor storm water drainage conditions in urban cities, the flood waters have higher residence times, which result in recharge through pathways such as construction pits, ponds, storm water drains, and rainwater harvesting structures-the "indirect recharge pathways" that Lerner [4] alludes to as one of the impacts of urbanization. Hence, the recharge would be substantial, and quick, as observed here.
Conclusions and Future Improvements
In this paper, we have described the monitoring network and groundwater dynamics across a city, highlighting some of the key findings. First, estimates of groundwater storage changes were made using a simplified, vertical balance. The monitoring will be continued until December 2017. This will provide an opportunity to make groundwater level observations for two monsoon and two non-monsoon seasons during the study period.
One limitation of this study is that only a vertical and simplified estimate of net outflow was made. This net outflow term aggregates both natural and anthropogenic components. To understand the urban groundwater budget more completely, a more elaborate modeling framework would need to include the magnitude of lateral flow and baseflow, for example, as well as the socioeconomic and infrastructural variables that inform the anthropogenic forcings of recharge from leaking pipes and return flows, and draft from pumping. We are working on such a framework, which is briefly described below.
Park and Parker [41] developed a physically based lumped model to simulate groundwater fluctuations in response to precipitation. This model is applicable to estimate groundwater recharge from the observed groundwater level fluctuations as well as groundwater discharge or underflow. One of the limitations of the Park and Parker model is that no external sources or sinks other than uniformly distributed precipitation was considered. Hence, if groundwater pumping exists, then the model needs a suitable adaptation. To use this model for regions with groundwater pumping conditions, Kumar [42] improved the model by taking groundwater pumping into account, which was tested for various conditions by Subash et al. [16] . This improved model (ambhasGW) is available in R (https://cran.rproject.org/package=ambhasGW) for ease of use and to estimate parameters of recharge, discharge, and specific yield from the time series of groundwater level observations. The model provides balance terms of recharge, underflow (or groundwater discharge) and pumping as
